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Abstract Various remote sensing products and observed
data sets were used to determine spatial and temporal trends
in climatic variables and their relationship with snow cover
area in the higher Himalayas, Nepal. The remote sensing
techniques can detect spatial as well as temporal patterns in
temperature and snow cover across the inaccessible terrain.
Non-parametric methods (i.e. the Mann–Kendall method
and Sen's slope) were used to identify trends in climatic
variables. Increasing trends in temperature, approximately
by 0.03 to 0.08 °C year−1 based on the station data in
different season, and mixed trends in seasonal precipitation
were found for the studied basin. The accuracy of
MOD10A1 snow cover and fractional snow cover in the
Kaligandaki Basin was assessed with respect to the Ad-
vanced Spaceborne Thermal Emission and Reflection
Radiometer-based snow cover area. With increasing trends
in winter and spring temperature and decreasing trends in
precipitation, a significant negative trend in snow cover area
during these seasons was also identified. Results indicate the
possible impact of global warming on precipitation and snow
cover area in the higher mountainous area. Similar investi-
gations in other regions of Himalayas are warranted to fur-
ther strengthen the understanding of impact of climate
change on hydrology and water resources and extreme hy-
drologic events.

1 Introduction

The fourth report of the International Panel on Climate
Change (IPCC) concluded that the warming of the global
climate system in the last few years has been unequivocal
(IPCC 2007). Based on the observed global air and ocean
temperatures, it can be said that the rate of temperature
increase is higher at higher altitudes (Bradley et al. 2006;
Immerzeel 2008). Mountainous areas exhibit a larger spatial
variation in climate due to sharp differences in altitude, even
over a small horizontal distance (Immerzeel et al. 2009;
McElroy and Wilkinson 2005). The precipitation in the
higher altitudes falls partly in the form of snow, causing a
natural delay of discharge. Snow cover dynamics on the
higher Himalayas influence water availability in the down-
stream area, especially during the onset of spring (Immerzeel
et al. 2009).

Of late, there has been a great deal of attention given to
understanding the increasing temperature and decreasing
snow accumulation in the Himalayas due to observed and
projected warming (Adam et al. 2009; IPCC 2007). Global
and regional climate models predict continued warming of
the Himalayas but the reports differ in their predictions of the
extent, rate, and magnitude of temperature increases
(Shrestha 2008).

Several observational studies show significant tempera-
ture and precipitation changes in the Indian subcontinent
over a long term. A study by Kothawale and Kumar (2005)
showed that all over India, the minimum annual temperature
has increased by 0.5 °C during 1901–2003. The Indian
Institute of Tropical Meteorology (IITM) has carried out
one of the most comprehensive climate change projection
studies in the region (Shrestha 2008). The IITM study sug-
gests that there will be a decrease in monsoon precipitation
by up to 20 % by the end of the century in most parts of
south-eastern Afghanistan, the southern and eastern Tibetan
Plateau and the central Himalayan range. Monsoon
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precipitation increase in the range of 20–30 % is projected
for the western Himalayas, Kunlun and Tien-Shan ranges.
All areas of South Asia are projected to become warmer by at
least 1 °C by the end of the century. In the Punjab area, a
large part of Afghanistan, Badakshan, the western Nepalese
Himalayas, Himachal Pradesh and the northern Tibetan Pla-
teau, warming could be as high as 3.5–4 °C. The rate of
warming is likely to increase with increasing altitude, at least
in Bhutan, Nepal and Himachal Pradesh (Shrestha 2008;
Shekhar et al. 2010).

Since the climate and meteorological stations at higher
altitudes to measure temperature, precipitation and snow
cover are rarely available, remotely sensed observations
using satellites seem the best practical approach (Maskey
et al. 2011). Confidence in the accuracy of land surface
temperature obtained from remote sensing techniques has
already been established through comparison with ground-
based independent observations (Hall et al. 2008; Wang et al.
2008).

Similarly, traditional in situ surveying and mapping tech-
niques do not seem feasible at higher altitudes and for large
spatial extents (Lina et al. 2005). Again, remote sensing is a
promising alternative for mapping snow cover at higher ele-
vations. TheModerate Resolution Imaging Spectroradiometer
(MODIS) snow cover method can be used for mapping snow
cover pixels by using Normalized Difference Snow Index
(NDSI) and a threshold test (Hall et al. 1995).

MODIS data recorded since 2000 is available to the
public and has already proven very useful in several appli-
cations to land, ocean and the atmosphere. Currently, several
products and their different versions of standard products of
MODIS are freely available. The MODIS typical snow prod-
ucts, namely daily snow cover, 8 days' snow extent, Snow
Water Equivalent, etc., have been used as input for several
kinds of modelling and in earth system studies (Hall and
Riggs 2007). The accuracy of these snow products should be
known for their wide application with improved results.
Several studies have been conducted for the validation of
MODIS land surface temperature and snow products. They
have shown very good to reasonably good results when
compared with ground observations or high-resolution sat-
ellite snow products in various regions of the world includ-
ing the Himalayas (Parajka and Bloschl 2006; Negi et al.
2007; Wang et al. 2007, 2008). The testing of MODIS land
surface temperature done in different parts of Himalaya and
Tibetan Plateau against in situ measurements has provided
good results and is consistent among different studies (e.g.
Negi et al. 2007; Wang et al. 2007). However, the validation
of MODIS snow products in the different regions of moun-
tainous terrain of the Himalayas and Tibetan plateau has
given contradictory results. A research conducted by Pu
et al. (2007) in Tibetan Plateau shows that MODIS snow
product has 90 % accuracy. However, another recent study

conducted in the Mount Everest region shows that MODIS
snow product (MOD10L2) has overestimated snow cover
with relative error ranging from 20.1 to 55.7 % (Tang et al.
2013). Therefore, the MODIS snow products may have
different level of accuracy in different regions of Himalaya.

The objectives of this study, therefore, were to analyse the
spatial and temporal patterns of temperature, precipitation
and snow cover area in the higher Himalayas to understand
climatic variability and its impact on snow cover. The study
was carried out in a river basin called the Kaligandaki in the
Himalayan region of Nepal.

2 Study area

The study area is located in the middle of northern Nepal. It
covers the area between latitudes 27°56′40″N and 29°19′22″
N and longitudes 82°54′57″ E and 85°06′30″ E and includes
the Kaligandaki Basin, one of the major tributaries of the
Gandaki River (Fig. 1). Temperature, precipitation and
snowfall vary greatly in space and time in the basin. Tem-
perature varies greatly with altitude too. The minimum tem-
perature in the higher mountain region drops to −25 °C or
even less in winter, and the maximum temperature in the
lower part of the study area reaches up to 35 °C in summer.
Precipitation distribution varies greatly with respect to spa-
tial location and time of the year. Though precipitation is
dominant during monsoons in summer, maximum snowfall
occurs due to the westerly winds in winter. During the
summer season (June–August), monsoons produce heavy
precipitation that contributes approximately 80 % of the
annual precipitation. Precipitation intensity goes down from
east to west and south to north. In the western Himalayas,
westerly winds cause winter (December–February) precipi-
tation, mostly in the form of snow (Rees and Collins 2006).
Other seasons, namely autumn (September–November) and
spring (March–May), witness occasional precipitation that
contributes almost 15 % of the annual precipitation. In
spring, precipitation is in the form of rainstorms and snow-
storms. During summer, maximum snow melt runoff occurs
and hence the snow-covered area becomes minimal.

The Kaligandaki Basin is almost 200 km west of Kath-
mandu, the capital city of Nepal. The population of the study
area is about 200,000 but approximately 1.2 million people
in the downstream area are directly dependent on the water
from this river. The Kaligandaki ‘A’ Hydroelectric project is
the largest hydropower project constructed so far in Nepal,
and it contributes almost 20 % of the total national
hydroelectricity.

The economy of the upper and middle Kaligandaki re-
gions depends on tourism. A long, dry weather spell after
monsoons is helpful for the tourism industry. Unfortunately,
recent reduced snowfall during winter has often led to water
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shortage and the emergence of mosquitoes and vector-borne
diseases. However, on the other hand, a less chilly winter
makes life comfortable during winter (Dahal 2005).

Land use greatly depends on altitude. As per the map
developed from MODIS land product, approximately 24 %
of the Kaligandaki Basin area is under perennial snow cover,
20 % under seasonal snow cover, 27 % is covered by forests,
11 % by villages and agricultural lands, and 18 % by rivers,
grazing fields, and shrubs.

The altitude of the basin varies from 590 to 8,148 m above
mean sea level (MSL). The maximum slope in the basin is up

to 90°. The upper parts, in general, have higher slopes
compared to the lower parts of the basin. The hypsometric
analysis of the basin depicts that about 1,638 km2 (24.43 %
of the total basin area) lie 5,200 m above the MSL. It also
shows that the Kaligandaki Basin is equally distributed with
respect to elevation, a nearly linear line except at higher
elevations with a very steep slope as shown in Fig. 2.

For the analysis, the study area was divided into four
elevation zones. Zone I covers the area between 590 and
2,000 m MSL with no snow cover. Zone II covers the area
from 2,000 to 4,700 mMSL which is influenced by seasonal

Fig. 1 Study area—Kaligandaki
Basin
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snow cover, where the lower part of this zone is covered by
snow only in the winter season whereas the upper part is
covered by snow during three seasons—namely winter, early
spring and autumn—and is covered by green vegetation in
late spring and summer seasons. The basin area from 4,700
to 5,200 m above the MSL is included in zone III, which is
completely snow-covered except for 1 or 2 months in sum-
mer and very rarely can vegetation be seen during this period
because of extreme cold conditions. The area above the
elevation of 5,200 m above the MSL is taken under zone
IV, and this zone is permanently covered by snow.

3 Data and method

Secondary data required for the study were collected from
relevant government departments or local agencies. Remote
sensing data were obtained from several online data sources.
These are described below.

3.1 Ground measured data set

Data from eight meteorological stations are available
(Fig. 1). All of them have observed precipitation, but only
two of them have measurements of temperature. Five among
the eight stations have precipitation data from 1980 to 2009.
The three other stations have precipitation data from 1992 to
2009. One station which recorded temperature has data from
1980 to 2009; however, another has the data from 2004 to
2009. There is no snow cover area data available. The

available data were collected from the Department of Hy-
drology and Meteorology of the Government of Nepal. A
summary of the available data set is provided in Table 1.

3.2 Remotely sensed data

Remote sensing was the main source of data in this study.
Various products from several sensors such as MOD10A1,
MOD11C1, GDEM, etc. were used. The images were re-
projected into the UTM 45 North with WGS 1984 datum as
per requirement.

3.2.1 ASTER data set

Advanced Spaceborne Thermal Emission and Reflection Ra-
diometer (ASTER) is an imaging instrument flying on Terra, a
satellite launched in December 1999 as part of NASA's Earth
Observing System. It obtains high-resolution (15 to 90 m)
images of the Earth in 14 different bands ranging from visible
to thermal infrared (Abrams 2000; Yamaguchi et al. 1998).
ASTER Global Digital ElevationModel (GDEM) is the prod-
uct of bands 3N and 3B of ASTER 1A images acquired by the
visible and near-infrared sensor (San and Suzen 2005). It has
an along track stereoscopic capacity using its near-infrared
spectral band and has nadir and backward viewing telescopes
to acquire stereo image data with a base to height ratio of 0.6.
It has 15 m of spatial resolution on the horizontal plane
(Yamaguchi et al. 1998). The ASTER GDEM is in the
GeoTIFF format with geographic latitude/longitude coordi-
nates and approximately 30 m grids. It is referenced with the

Fig. 2 Study area vs. elevation
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WGS 84 coordinate system. The estimated accuracy is 20m in
vertical and 30m in horizontal dimensions at 95% confidence
level (San and Suzen 2005).

Several ASTER scenes were selected that include diverse
types of snow cover in different stages of accumulation and
melting, along with variety in conditions of relief and land
cover, to verify MODIS fractional snow cover as well as
standard snow cover area. These scenes were (a) a perennial
flat snow cover area, (b) a perennial highly stiff snow cover
area, (c) a seasonal plain snow cover area, (d) forest snow
cover area, (e) north-faced snow cover area and (f) south-
faced snow cover area, around the Himalayas of middle
Nepal. Table 2 presents the specific dates and locations
(upper left and lower right corner) of those scenes.

The NDSI approach was used to identify the snow-
covered pixels in the ASTER imagery. The ASTER NDSI
is defined as (Hulka 2008):

NDSIASTER ¼ δ1−δ4
δ1þ δ4

ð1Þ

δ1 and δ4 refer to band 1 and band 4, respectively, of
ASTER corresponding to MODIS bands 4 and 6 which were
used to calculate the NDSI values in MODIS imagery.

3.2.2 MODIS snow cover and temperature

The MODIS has provided a large number of snow products.
Each product is developed after the swath product assimilates

accuracy and error from the preceding product. The key for
snow detection characteristics is to have high reflectance in
visible bands (0.40 to 0.70 μm) and very low reflectance in
near-infrared bands (1.628 to 1.652 μm) (Riggs et al. 2006).
Band 4 (green 0.545 to 0.565 μm) and band 6 (near-infrared
1.628 to 1.652 μm) were used to derive snow cover products
fromMODIS images. By using these two bands, the NDSI can
be obtained using the following relation (Riggs et al. 2006):

NDSIMODIS ¼ band4−band 6

band 4þ band 6
ð2Þ

In non-forest areas, a pixel with an NDSI ≥0.4 is identified
as snow-covered if the reflectance in band 2 (0.841–
0.876 μm) is ≥11 % and reflectance in band 4 (0.545–
0.565 μm) is ≥10 % (Hall et al. 1995). In a forested area,
an alternative algorithm is used that includes the Normalized
Difference Vegetation Index (NDVI). For a forest area, the
threshold value of NDVI can be used to classify as snow
even if the NDSI is lower than 0.4 (Klein et al. 1998). Snow
data are produced as a series of seven products. The se-
quence begins as a swath at pixel spatial resolution of
500 m with swath coverage of 2,330 km (across track) by
2,030 km (along track).

MOD10A1 is a daily snow cover product at 500 m spatial
resolution. TheMOD10A2 is an 8-day composite ofMOD10A1
showing the maximum snow cover extent (Riggs et al. 2006) in
the same spatial resolution. In this study, we validated the
MOD10A1 product using the ASTER product and then used

Table 1 Meteorological stations and data availability in the basin

Station (elevation, m MSL) Latitude (N) and longitude (E) Climate variable Frequency Duration Zone

Lumle (1,740) 28°18′6.50″, 83°48′0.06″ P, T Monthly 1980–2009 I
Ghanruk (1,960) 28°23′22.44″,83°48′11.98″ P 1980–2009

Muna (1,970) 28°16′7.28″, 83°35′23.00″ P 1992–2009

Baghara (2,330) 28°33′54.32″,83°22′57.85″ P 1992–2009 II
Ghorapani (2,742) 28°24′4.17″, 83°43′49.69″ P 1980–2009

Sanda (3,570) 28°54′4.43″, 83°40′56.82″ P 1992–2009

MukttiNath (3609) 28°49′0.42″, 83°52′58.12″ P 1980–2009

Lomangthang(3705) 29°11′3.79″, 83°58′2.14″ P, T 1980–2009, 2004–2009

Table 2 ASTER scene—date
and location Date Location (Upper right and lower left)

06 October 2001 (29°3′46″ N, 82°56′46″ E), (28°27′7″ N , 83°24′55″ E)

31 October2001 (28°46′29″ N, 82°38′42″ E), (28°10′26″ N, 83°5′11″ E)

21 January 2005 (29°5′18″ N, 82°48′33″ E), (28°28′19″ N, 83°15′33″ E)

4 January 2008 (29°6′15″ N, 84°13′26″ E),(28°29′47″ N, 84°39′37″ E)

5 February 2008 (28°43′40″ N, 83°1′5″ E), (28°6′46″ N, 83°27′28″ E)

15 March 2008 (28°59′20″ N, 83°29′6″ E), (28°21′42″ N, 83°57′33″ E)

9 April 2008 (28°36′45″ N, 83°48′44″ E), (27°59′33″ N, 84°15′33″ E)

Climatic variability and snow cover in Kaligandaki River Basin 685
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the MOD10A2 time series from 2000 to 2010 for the trend
analysis of seasonal maximum snow cover extent.

MOD11C3 is a monthly product of MODIS/TERRA and
provides per pixel temperature for day and night in 5,600 m
spatial resolution. This land surface temperature product has
already been validated for ground temperature and snow
surface temperature in several parts of the world including
Himalaya (Negi et al. 2007; Wang et al. 2007, 2008; Qin
et al. 2009). Negi et al. (2007) performed the validation in
NW-Himalaya with 21 ground stations for upper Himalaya
(above 5,300 m), middle Himalaya (4,000 to 5,300 m) and
lower Himalaya (2,000 to 4,000 m). Very good correlation
coefficients (0.98, 0.92 and 0.88) were obtained in all the
three elevation zones. Similarly, another study performed in
Tibetan Plateau and surrounding areas shows that the max-
imum and minimum temperature trends obtained using
MODIS land products are comparable to the trends obtained
from the observed temperatures (Qin et al. 2009). Thus, the
MOD11C3 temperature products have been considered for
the temperature trend analysis in this study.

3.3 Validation of the MODIS data

MODIS land surface temperature product (MOD11C3)
has already been validated in several parts of the world
including the Himalayas and Tibetan Plateau (Negi
et al. 2007; Wang et al. 2007, 2008; Qin et al. 2009).
The accuracy of the product obtained in these indepen-
dent studies was relatively high and consistent. Thus,
we adopted MOD11C3 product directly, without any
validation, in this study. The product was overlaid to
the DEM of the study area and a pixel that is located in
an average hypsometric altitude of each of the zones
was selected for the analysis.

As far as the MODIS snow product is concerned, the
accuracy reported by several studies in different parts of
Himalayas and its surrounding areas is not consistent (Pu
et al. 2007; Tang et al. 2013). Therefore, the MODIS snow
product is tested for its accuracy in this study. We compared
the MOD10A1 product with the snow cover data obtained
from the ASTER images which are available at a finer spatial
resolution (15×15 m).

The snow cover data in the Himalayas obtained by AS-
TER (15×15 m) and MODIS (500×500 m) were compared
using co-registered ASTER and MODIS scenes. ASTER
granules were re-sampled to 25 m resolution, and an aggre-
gate set was created at resolutions of 500 m, which is equiv-
alent to the original MODIS 500 m snow product. Further-
more, MODIS water and cloud mask was employed in both
sources of images to exclude lakes and cloud cover from
consideration that ensures the accuracy of the outputs.
Thirty-two sample areas which covered the variety of topog-
raphy and properties were randomly selected from the seven

ASTER granules listed in Table 2. Two independent assess-
ments were carried out for (1) MODIS standard snow cover
and (2) MODIS fractional snow cover.

The given percentage of the MOD10A1 fractional snow
cover area was converted into equivalent snow cover area
which then was compared with the total area of ASTER
snow-covered pixels for the same date and location. A linear
regression approach was used to develop the relationship
between the ASTER snow cover and MOD10A1 fractional
snow cover area using the selected 32 sample points.

The kappa coefficient, a widely used statistic for measur-
ing the degree of reliability between raters (Cunningham
2009), was adopted in this study to compare the strength of
agreement of the MOD10A1 and ASTER snow cover areas.
The value of kappa ranges from −1 to +1, with −1 indicating
perfect disagreement and +1 indicating perfect agreement
between raters, and an intermediate value indicates the
strength of agreement (Cunningham 2009).

3.4 Trend analysis

The seasonal trend is analysed for the following climate
variables:

& Temperature (seasonal maximum and minimum)
& Rainfall (seasonal accumulated)
& Maximum snow extent (seasonal)

The Shapiro–Wilk test (W), which is the most reliable
test for small- to medium-sized samples (50 or less) for
the normality test, was adopted for this study. The null
hypothesis of the test is that the sample is taken from a
normal distribution; thus, (P value) P≤0.05 because W
rejects the hypothesis of normality. Samples which fail
the test are difficult to analyse with parametric statistical
methods.

For climatic variables, suitable indices were chosen for
detecting changes, trends and trends' rates. In the hypothesis
testing for long-term trends, two types of trends are usually
considered: monotonic trends and step change (Partal and
Kahya 2006). In the testing process, the null hypothesis (H0)
is that there is no trend in the population from which the data
set is drawn. The hypothesis (H1) is that there is a trend in the
population. Based on the characteristics of data being studied,
either a parametric or a non-parametric method needs to be
used to detect the trends.

The Mann–Kendall trend test is a non-parametric rank-
based procedure, robust to the influence of extremes and
suitable for application with skewed variables. More particu-
larly, this technique can be adopted in cases with non-
normally distributed time series data, i.e. data containing
outliers and non-linear trends (Karpouzos et al. 2010; Partal
and Kahya 2006). Similarly, Sen's slope is another very
useful index to quantify the trend slope by using the
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non-parametric procedure developed by Sen (1968). The
slope is computed as follows:

Qi ¼
x j−xk
j−k

for i ¼ 1;2;3;…N ð3Þ

where xj and xk are data values at time j and k (j<k),
respectively. The median of these N values of Qi is
Sen's estimator of slope. If N is odd, then Sen's estima-
tor is computed by Qmed=Q(N+1)/2, and if N is even,
then Sen's estimator is computed by Qmed= [QN/2+
Q(N+2)/2]/2. Finally, Qmed is tested by a two-sided test
at a 100 (1−α)% confidence interval and the true slope
is obtained.

The Shapiro–Wilk test was carried out for maximum and
minimum temperatures in the four seasons for one observed
station and for four elevation zones and for seasonal maxi-
mum and minimum temperatures based on MOD10A1. Sim-
ilarly, seasonally accumulated as well as annually accumulat-
ed precipitation at the eight stations in the study area was
investigated using the same test. Among 80 different data sets
tested—40 for temperature and 40 for precipitation—more
than half of them did not have normal distribution. Therefore,
the existence of positive or negative trends in climatic vari-
ables in this study was confirmed by using non-parametric
methods. The Mann–Kendall test with a 95 % confidence
limit was used for monotonic trends and the Mann–Whitney
test was preferred for abrupt changes (Xu et al. 2003). The
trends were quantified using Sen's slope method.

4 Results and discussion

4.1 Validation MODIS data

A validation of MODIS snow product (MOD10A1,
MOD10A2) has been done for the Kaligandaki Basin with
snow cover generated from ASTER B1 product as follows.
Thirty-two sample pixels were taken randomly from
MOD10A1 products corresponding to the ASTER images
depicted in Table 2. Table 3 depicts the result of agreement
between MOD10A1 snow cover and ASTER snow cover
observations for the selected 32 sample sites. A very good
(29 out of 32 samples) agreement can be seen.

Figure 3 shows the scatter diagram of the fractional snow
cover area obtained from MOD10A1 and ASTER which
clearly indicates a linear relationship between them as given
by Eq. (4).

ASTarea ¼ −1:59þ 0:91�MODarea ð4Þ

The mean absolute error of 15.2 % and RMSE of 19.2 %
in MOD10A1 with respect to snow cover area was obtained
using the ASTER images. The correlation coefficient of 0.79
indicates that the snow cover area can be estimated using
MOD10A1 products with acceptable accuracy. Similarly, the
Kappa coefficient of 0.804 indicates that the MODIS data are
perfectly in agreement with the ASTER data (Cunningham
2009). This relationship can ensure the quality of snow cover
data over a larger spatial extent and of a higher temporal
resolution from MOD10A1 products. The results are as
accurate as found in Tibetan Plateau (Pu et al. 2007). Thus,
the MODIS snow cover data are used directly, without any
correction, for further analysis.

4.2 Temperature trend analysis

Temperature trend analysis is carried out on seasonal as well
as annual basis for maximum and minimum temperature
using observed temperature at one station located in zone I
and using the MOD11C3 products for selected pixels in each
of the four zones. Table 4 presents the results of the Mann–
Kendall trend test and the corresponding Sen's slope for
seasonal maximum and minimum temperatures for different
zones with 95 % confidence limit. At the observation station,
increasing trends for maximum temperature in all four sea-
sons have been noticed with a highest rate of 0.088 °C year−1

in winter and a lowest rate of 0.036 °C year−1 during spring.
In case of minimum temperature, increasing trend is found in

Table 3 ASTER and MODIS
snow cover observations ASTER

MODIS Yes No Total

Yes 18 3 21

No 0 11 11

Total 18 14 32 Fig. 3 MOD10A1 fractional snow cover vs. ASTER snow cover area
in the study basin
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the winter and summer seasons with spring and autumn
showing no trends.

Seasonal trend analysis for four zones was also done based on
13 years of MOD11C3 land surface temperature. This period of
data for trend analysis is not long enough to conform and quantify
the trends; however, the authors believe that it can give the general
prospect of the temperature trend. Based on the data set, it is seen
in Table 4 that, for maximum temperature, the increasing trend is
noticed in spring for zone I and zone II, in summer for zone III
and in winter for zone IV. In case of minimum temperature,
increasing trends are noticed during summer (zone I, zone III
and zone IV) and in spring (zone II and zone IV).

Based on observed station data and MODIS data, although
the periods of these two data sets are different, it can be said
that there is an increasing trends in both maximum and min-
imum temperature in spring, summer and winter seasons.
Based on trend analysis using MODIS data, the highest rate
of increase in maximum and minimum temperature is 0.030

and 0.053 °C year−1, respectively, in zone III. This may be due
to enlarged snow-free area which may decrease albedo and
hence land surface higher temperature. Similarly, in zone IV,
spring and summer have higher increasing trends in minimum
temperature causing less accumulation of snow during winter
and melting at the onset of spring thus decrease the albedo and
accelerating the temperature.

Based on the results in Table 4, there is a clear warming
trend in the Kaligandaki basin with the strongest upward trend
in higher altitude and in spring and summer and the weakest in
autumn. These warming rates are higher than the global and
northern hemisphere warming rates and this is somehow
similar to upper Indus (Immerzeel et al. 2009; Khattak et al.
2011). The rate of increase in maximum temperature is higher
than that of minimum temperature, which means that the
range has been increasing in the basin that is similar to other
research studies in the different regions of the Himalayas (Liu
et al. 2006; Shekhar et al. 2010).

Table 4 Trends in seasonal and annual maximum and minimum temperatures in the study basin

Zone Data source and period Season Maximum temperature Minimum temperature

Mann–Kendall test Sen's slope
(ΔT °C year−1)

Mann–Kendall test Sen's slope
(ΔT °C year−1)

I Observed (1980–2009) Winter Upward trend 0.088 Upward trend 0.022

Spring Upward trend 0.036 No trend –

Summer Upward trend 0.043 Upward trend 0.014

Autumn Upward trend 0.059 No trend –

Annual Upward trend 0.047 No trend –

MODIS (2000–2012) Winter No trend – No trend –

Spring Upward trend 0.019 No trend –

Summer No trend – Upward trend 0.018

Autumn No trend – No trend –

Annual Upward trend 0.0193 No trend –

II MODIS (2000–2012) Winter No trend – No trend –

Spring Upward trend 0.014 Upward trend 0.019

Summer No trend – No trend –

Autumn No trend – No trend –

Annual No trend – No trend –

III MODIS (2000–2012) Winter No trend – No trend –

Spring No trend – No trend –

Summer Upward trend 0.030 Upward trend 0.053

Autumn No trend – No trend –

Annual No trend – No trend –

IV MODIS (2000–2012) Winter Upward trend 0.011 No trend –

Spring No trend – Upward trend 0.028

Summer No trend – Upward trend 0.013

Autumn No trend – No trend –

Annual No trend – No trend –

Winter, December–February; spring, March–May; summer, June–August; autumn, September–November
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4.3 Precipitation trend analysis

The seasonal (four seasons) and annual precipitation data
series was subjected to the Mann–Kendall test and Sen's
slope at the eight stations, of which three are located in zone
I and five in zone II. Since there are no precipitation stations
in zones III and IV, precipitation trends in these zones could
not be analysed. Table 5 summaries the precipitation stations
with substantially decreasing, increasing or no trends in sea-
sonal and annual precipitation during the study period. Three
stations have shown considerable increasing trends in spring,
of which two are located in zone I and one in zone II.
Similarly, three stations have shown increasing trends in sum-
mer, among which two are located in zone I, which are the
same that have shown increasing trends in spring also and the
remaining one station is located in zone II. Furthermore, only
one station has shown an increasing trend in autumn. A
negative trend was detected only in winter at three stations,
of which two are located in zone I and one is in zone II.

Additionally, analysis shows that there is a positive trend
in precipitation in the lower catchments, i.e. two among three
stations have increasing trends in zone I. One station in zone
II shows a decreasing trend in autumn. The summary of the
trend and corresponding Sen's slope is presented in Table 5.
Only two stations exhibit an increasing trend, six stations
show no trends and no station shows a negative trend when
annual precipitation data are used in the trend test. It is
interesting to note that the Lumle station located in zone I
shows a very high rate (30.45 mm/year) of positive change in
precipitation. The rate of change however varies over the
study area, but the pattern is similar to other studies carried
out at different locations in Himalayas and over the Indian
subcontinent (Immerzeel 2008; Jain and Kumar 2012;
Khattak et al. 2011).

Summer and spring might be considered as periods of
trend transition with significant increasing trends. Notwith-
standing a few occurrences, it is logical to pinpoint that the
tendency of change in trends is more apparent in summer and

spring. In other words, a visible seasonal pattern in trends
can be seen.

4.4 Snow cover analysis

The seasonal evolution of the snow cover from 2000 to 2010
is shown in Fig. 4. For the entire basin, the average annual
snow cover is 32.68 % of the total basin area. More than
50 % of snow cover area falls in zone IV. As expected, snow
cover is more persistent in zone IVand it sometimes extends
and peaks in spring, but for the entire basin and duration
winter snow cover is higher than that of spring. The overall
snow cover in winter is 47.97 % of the total basin area, of
which 21.79 % is in zone IV, whereas in zone III it is around
7.69 %, 18.00 % in zone II and only 0.49 % lies in zone I. In
zone I, the maximum winter snow cover area can extend to
only 5 % of the total area of the zone. In summer, zone I is
totally snow-free while zone II has snow cover up to 2.09 %
of the total basin area, but if it is a question of persistence,
then most of the time in summer this zone too is snow-free.
Zone III shows a little better persistency in snow cover;
however, it also loses most of its snow in summer and
contributes only 2.02 % of the total snow cover in the basin.
On the other hand, zone IV has snow cover of about 13.45 %,
which is more than three fourths of the total snow cover area
in the summer season; moreover, persistent snow cover in
summer can be found only in zone IV.

Figure 5 depicts time variant snow cover area during
one decade for the entire area of the studied basin. The
values indicate the percentage of time that a pixel was
snow-covered from March 2000 to December 2010. A
directly proportional relation with the elevation of snow
cover can easily be seen. As expected, in zone IV, there
is a large area which was snow-covered for more than
80 % of the time during winter and spring. Snow
ablation peaks in late spring and early summer, while
winter precipitation provides new snow.

Table 5 Station wise trend with Sen's slope for rainfall (in millimetre)

Station (m, MSL) Winter
(mm year−1)

Spring
(mm year−1)

Summer
(mm year−1)

Autumn
(mm year−1)

Annual
(mm year−1)

Zone

Lumle (1,740) No trend 5.88 13.12 7.42 30.45 I
Ghanruk (1,960) −2.32 6.08 3.87 No trend No trend

Muna (1,970) −5.03 No trend No trend No trend No trend

Baghara (2,330) No trend No trend No trend No trend No trend II
Ghorapani (2,742) No trend 6.49 No trend No trend No trend

Sanda (3,570) No trend No trend 4.91 No trend 9.688

Mukthinath (3,609) No trend No trend No trend No trend No trend

Lomangthang (3,705) 1.08 No trend No trend −1.4 No trend

Winter, December–February; spring, March–May; summer, June–August; autumn, September–November
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The Mann–Kendall test was carried out to determine if a
considerable and consistent trend in snow cover could be
found for the entire basin and for zones II, III and IV. The
significance of the trend was tested at a 95 % confidence
level. A summary of the results is presented in Table 6. A
significant negative trend is found in spring in all the three
zones and in the basin as a whole. The decreasing trend in

snow cover area is highest in zone III compared to the other
two zones. This may reflect the moving of the perennial
snow line upwards. The maximum snow cover reduction
rate (−5.01 % year−1 in zone III and −2.661 % year−1 in the
basin as a whole) is in spring which may be due to the
increasing trend in temperature and less snow accumulation
during winter. As, the snow cover in spring is a function of

Fig. 4 Seasonal snow cover
area in (a) zone I, (b) zone II, (c)
zone III, (d) zone IVand (e) the
whole Kaligandaki Basin
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snow accumulation in late winter, the observed trends in snow
cover may be due to reduced accumulation of snow in the
winter. It should be noted that the time series used for this
analysis is relatively short (11 years); however, it is currently
the most reliable data set available in the study area.

If these trends in snow cover in spring continue, they are
likely to result in significant changes in river flow in down-
stream areas in the coming years. Zone III is likely to be the
most sensitive to future climate changes because it is at a
transitional elevation where the average temperature is close
to melting temperature almost all through the year. Even a

slight change in temperature, particularly if it is around
melting temperature, could lead to significant changes in
snow melt. A considerable amount of snow cover remains
throughout the year in zone IV, which means that most
glaciers exist in this zone. With increasing temperature trend,
zone IV is also quite sensitive to the expected climatic
changes insofar as long-term snow cover and water avail-
ability in the basin are concerned.

Figure 6 illustrates the correlations (r2=−0.63, −0.69, −0.59
and −0.49 in January, March, September and June, respective-
ly) between monthly snow cover and mean temperature for

Fig. 5 Distribution of snow
covers area as a function of time
during in the last decade
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selected months. Snow cover shows a negative correlation with
temperatures in the same month in zones II, III, IVand the entire
basin, which is similar to the results obtained by several re-
searchers in other parts of the world including the Himalayas
(Keller et al. 2005; Maskey et al. 2011). On the other hand,
snow cover has a positive correlation with precipitation, as is
depicted in Fig. 7. Figures 6 and 7 show the results for the
months with reasonably high correlation coefficients. MODIS
snow cover has shown similar results with the measurements

of in situ temperature in a recent study done by Maskey et al.
(2011) in the Himalayas but in another river basin. Similarly, a
high positive correlation between precipitation and snow cov-
er means that the observed decreasing trends in snow cover in
winter can be attributed to the decreasing trends of rainfall and
increasing trends of temperature in winter. This is obvious that
precipitation and snow cover has strong correlation. This
means if there is less precipitation which leads to less
snow cover area and if there is more precipitation then

Table 6 Mann Kendall test and
Sen's slope for snow cover area

Winter, December–February;
spring, March–May; summer,
June–August; autumn, Septem-
ber–November

Zone Season Mann–Kendall test Sen's slope
(% of area year−1)

II Winter Downward trend −3.006

Spring Downward trend −1.489

Summer Downward trend −0.435

Autumn Downward trend −0.332

III Winter Downward trend −4.091

Spring Downward trend −5.015

Summer Downward trend −1.689

Autumn Upward trend 0.578

IV Winter Downward trend −0.503

Spring Downward trend −2.563

Summer Upward trend 0.217

Autumn Upward trend 0.829

Whole Kaligandaki Basin Winter Downward trend −1.984

Spring Downward trend −2.661

Summer Downward trend −0.655

Autumn Downward trend −0.174

Fig. 6 Relationship between
snow cover (in percent) and
temperature (in degree Celsius)
in (a) zone II, (b) zone III, (c)
zone IV and (d) entire study area
in selected months
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snow cover area is likely to be more. Similar results have been
seen in the Western Himalayan snow cover (Kripalani et al.
2003).

5 Conclusions

The purpose of this study was to carry out temperature,
precipitation and snow cover area trend analyses and exam-
ine the temperature–snow cover area and precipitation–snow
cover area relationships. The accuracy of MODIS snow
product was assessed based on ASTER (high-resolution)
snow cover area in Kaligandaki Basin. The following are
the major conclusions drawn from this study.

MODIS snow cover is an acceptable agreement with the
snow cover area obtained from the ASTER data set in
Kaligandaki basin; therefore, the MODIS snow cover area
was considered for snow cover area analysis in this study.

The temperature trends test for four elevation zones show
the existence of a monotonically increasing trend. However,
spatial distribution of the temperature trend in the Kaligandaki
Basin showed greater warming trends at higher altitudes.
Also, a higher increasing rate was found in relation to maxi-
mum rather than minimum temperature.

Five stations among eight showed positive trend in at least
one season. Three stations showed a negative trend in differ-
ent season; however, none of the stations have annual de-
creasing precipitation. Low-resolution remote sensing im-
ages allow detecting the spatial and temporal pattern of snow
cover areas in an inaccessible terrain. Results indicate a clear
negative snow cover trends in the basin. Though all the zones

have shown decreasing snow cover trends, zone III is most
sensitive to climatic changes.

The snow cover area is not only the function of the
temperature and precipitation of a corresponding season
but also the snow accumulation during previous seasons. A
decreasing snow cover trend can be observed in winter and
spring due to increasing temperature and decreasing precipi-
tation trends in winter and spring itself which lead to substan-
tial decreased snow cover area in spring. Additionally, it
should be noted that the temperature and precipitation trends
not only impact the snow cover area but also snow depth/snow
accumulation, which directly influences water availability in
the basin. Therefore, future studies should attempt to include
these factors for a comprehensive assessment of the impact of
climate changes in glaciers/snow cover areas.
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